Forty-one cases of histiocytic sarcoma (HS) in C57BL/6J mice were histopathologically studied with special regard to unexpected associated hematopoietic disorders. These cases were retrieved among C57BL/6J female mice used as control mice in a chronic low-dose irradiation experiment. Hematopoietic characteristics were analysed by comparison to 41 disease-free mice from the same cohort. Tumoral involvement of the liver was observed in all 41 HS-bearing mice, followed by infiltration of the spleen (61.8%), lung (32.4%), bone marrow (14.3%), uterus (12.2%), lymph node (9.8%), and kidney (2.4%). By comparative analysis, we were able to demonstrate a significant association of HS with liver hematopoiesis (89.5% in HS group vs 15% in control mice, p < 0.00001), and with central hematopoietic disorders involving the myelocytic cells (decreased in HS, p = 0.003) and erythrocytic cells (increased in HS, p = 0.001). Microscopic characteristics of these 41 cases and physiopathology of the newly described hematopoietic features in HS are further discussed.
INTRODUCTION
Histiocytic sarcoma (HS) is a spontaneous neoplasm, which has been described in rodents under several names, such as reticulum cell sarcoma, histiocytic lymphoma, malignant fibrous histiocytoma, malignant histiocytosis or even Kupffer cell sarcoma (9, 16, 22) . These numerous synonyms reflect the recurrent question of cellular origin of this neoplasm. According to the recent classification of the hematopathology subcommittee of the MMHCC (Mouse Models of Human Cancers Consortium), this neoplasm is considered one of the nonlymphoid hematopoietic sarcomas (12) . Immunohistochemical, immunological, and ultrastructural studies are now consistent with histogenesis from a cell of the mononuclear phagocyte system (9, 10, 13, 16, 23, (25) (26) (27) . Indeed, these studies demonstrated that 1-HS cells are immunopositive with MAC-2 and lysozyme antibodies (10, 23), 2-HS cells show macrophage properties when cultured in vitro (26, 27) , 3-HS cells possess the lysosomes and the prominent plasma cell membrane projections that characterise activated macrophages (9, 16, 26) .
In humans, HS have seldom been described and remain poorly understood (18) . In rodents, increased or decreased incidence of this pathology has been described in toxicological or radiation studies (3, 6, 28) , emphasizing the importance of the knowledge of such a disease. In mice, liver and uterus are reported predilection sites of HS, but lungs, spleen, lymph nodes, bone marrow, pancreas, heart, kidneys, ovaries, epididymis, and intestinal tract also may be involved (9, 10, 16, 22) . Moreover, some authors found a positive correlation be-tween HS and renal tubular hyaline droplets (11, 25) . HS organ distribution is similar in rats, except that subcutis is the primary site in the Wistar rat strain (2, 16) .
Interestingly, Ogasawara et al have suggested that HS may arise from hematopoietic organs such as the bone marrow and lymph node or liver in Donryu and F-344 rats (16) . In a previous study, we have shown that HS incidence in C57BL/6J female mice was reduced by administration of chronic lowdose irradiation (4) . During this study, we obtained 41 cases of HS in nontreated mice, for which we were aware of unexpected associated hematopoietic disorders. Thus, the present study provides an histologic description of these 41 HS in C57BL/6J female mice, with a control group of age/sex matched cohort for comparative analysis of the hematopoietic characteristics. Several hypotheses concerning these newly described features are discussed.
MATERIALS AND METHODS
Four hundred pathogen-free (according to FELASA recommendations) C57BL/6J Ico female mice, 3-to 4-weeksold were purchased from Iffa Credo (l'Arbresle, France). They were used as control mice in an experiment where we tested the biological effect of chronic low-dose irradiation (4). They were housed in a room lighted from 7 am to 7 pm, kept at a temperature of 19-21 • C with a relative humidity of 60+/−15%. Food and sterile water were provided ad libitum. The mice were housed 20 per cage and kept until natural death. The cages were placed onto 3-steps racks. In order to maintain all the mice in similar conditions, cage position was rotated weekly. Animal care consisted of weekly cleaning of the cages and bottles, changing sawdust litter (pine, heat treated), daily monitoring of the animals and the use of germ-limited conditions by the keeper (gloves, gown, covered hair). When animals seemed sick or moribund, they were 304 0192-6233/03$3.00+$0.00 Vol. 31, No. 3, 2003 HISTIOCYTIC SARCOMA IN C57BL/6J MICE 305 isolated until natural death or recovery. Body weights were recorded monthly. This study was performed in compliance with FELASA recommendations. An animal care committee approved the experiment.
As it was decided to wait for the natural death of the mice, some of the animals were excluded from the necropsy study when postmortem decomposition was too severe. Thus, the necropsy was performed on 325 mice. Macroscopic examination was systematically performed. The following organs were removed when present (cannibalism was frequent by the other mice in the same cage): lungs, heart, salivary glands, liver, ovaries, uterus, kidneys, spleen, adrenal glands, thymus, lymph nodes, bone marrow, mammary glands, and brain. They were fixed in Bouin's solution except for the brain which was fixed in 10% formalin for 1 week. After paraffin embedding, 5-µm-thick section were prepared and the slides stained with both hematoxylin-eosin and Masson's trichrome. The slides were examined by 2 pathologists.
At the end of the study, we recorded the mice bearing HS. Criteria for diagnosis of HS were those described by Turusov (22) and Frith (9) , ie: (a) solid tumor composed of atypical histiocytic cells with abundant eosinophilic cytoplasm, (b) liver involvement with growth of tumor cells in sinusoids, (c) possible involvement of other organs such as the uterus, spleen, lungs, bone marrow, and lymph nodes. Hepatic hematopoiesis was evaluated by counting hematopoietic foci per one field (magnification × 100): 0 = absent, + = 1 hematopoietic focus, ++ = 2 to 4 hematopoietic foci, +++ = more than 4 hematopoietic foci. The bone marrow cellularity was determined by scoring the proportion of free medullary spaces ie + = more than 30% of free spaces, ++ = 10 to 30%, +++ = less than 10%. Respective proportions of myelocytic, erythrocytic and megakaryocytic cells in the bone marrow were also assessed. In order to allow comparison with "normal mice," we constituted a control group with mice that did not bear any pathology at necropsy, either macroscopically or microscopically. This control group was paired with the HS group regarding the age of the death (from 13-months-old to 33-months-old, mean 27.6-monthsold). Comparative statistical results were interpreted by Ridit analysis using DM90 software.
RESULTS

Histiocytic Sarcoma
Gross Appearance: Forty-one (12.6%) C57Bl/6J female mice with HS were retrieved among the cohort of 325 female animals that were followed for their whole life and autopsied. The death age of mice with HS ranged from 15-months-old to 33-months-old (mean 27.7-months-old), with a majority of mice older than 25 months. In all 41 cases, animals died quite suddenly. Therefore, as necropsy was sometimes performed several hours after death, autolysed or cannibalized organs could not be examined thoroughly. At necropsy, the main finding was a uniform liver enlargement. In 13 cases (31.7%), the spleen was also enlarged, and 5 cases (12.2%) had mild milky ascites. Four animals (9.7%) had enlarged abdominal lymph nodes. Seven animals (17.1%) had pleural effusion.
Microscopic Findings: Organ distribution of HS is summarised in Table 1 . HS was found in the liver of all the 41 mice bearing disease. In the great majority of the animals, the tumour infiltration was moderate or intense (37/41, 90.2%). Tumoral pattern was diffuse in 25 cases (61%) and nodular in 16 cases (39%) ( Figure 1B ). Hepatic sinusoids were always involved by tumoral cells. HS cells were a population of large cells (but smaller than hepatocytes) showing abundant eosinophilic cytoplasm and pleomorphic nucleus, resembling histiocytic cells but much more atypical ( Figure 1B ). Neither giant multinucleated cells, nor granulomatous necrosis were observed. Erythrophagocytosis occurred in half of the cases ( Figure 1E ). A common feature was the hematopoiesis (HPO) foci in the liver ( Figure 1C , D).
Spleen involvement by HS was frequent (21/34 mice, 61.8%), although in a lesser extent (Table 1) . Neoplastic cells were arranged in nodules without prominent fibrous reaction. Erythrophagocytosis was infrequent (3/41, 7.3%). HPO was frequent (30/33, 90.9%), as it was in the control group (see comparative results later).
Neoplastic infiltration of the lung was retrieved in nearly one third of cases (11/34 mice, 32.4%). However, in 5 of these 11 cases, neoplastic cells remained in the lumen of pulmonary small vessels, without any tissular infiltration. In 7 cases, lung metastasis was accompanied by pleural effusion, without evidence of malignant cells in the pleural fluid examined. Bone marrow tumoral involvement was an infrequent finding (14.3%, Table 1 ), although a sample was available in the last 21 animals only. In the 3 mice concerned, medullary hematopoietic spaces were replaced by large sheets of tumoral cells.
Neoplastic infiltration of the uterus ( Figure 1F ) occurred in 5 mice only (12.2%), and showed rather a spindle cell than round cell pattern, with diffuse involvement of the uterine wall. Three of these animals presented advanced disease, with HS extension to the lung, liver, and spleen. Intra-abdominal lymph node extension in association with liver and spleen infiltration occurred in 4 animals.
Renal involvement by HS occurred in 1 case, in association with liver, spleen, and lung involvement. Renal tubular hyaline droplets were not a prominent feature as they were 306 LACROIX-TRIKI ET AL TOXICOLOGIC PATHOLOGY 
Comparative Results with Control Animals
In order to better characterise the HPO disorders in HS, a comparative and statistical analysis was performed with a group of 41 control animals from the same cohort.
Extra medullary hematopoiesis. Results are summarised in Table 2 . Extramedullary HPO in the liver of mice bearing HS was common. HPO foci were characterised by small nodules of myelocytic and erythrocytic cells dispersed among the tumor or in the adjacent liver tissue. Megakaryocytic cells were infrequent. HPO foci in the control group showed the same microscopic features. Statistical analysis revealed a strong correlation of liver HPO with HS (89.5% of HPO in HS group vs 15% in control group, p < 0.00001). Of note, liver HPO was not correlated with the intensity of splenic or bone marrow tumoral involvement.
Splenic HPO was common, with no significant difference between the 2 groups (97.5% in control group vs 90.9% in HS group, p = 0.144). Moreover, microscopic features of splenic HPO were similar in both groups. In contrast to hepatic HPO, megakaryocytic cells were numerous in splenic HPO.
Pulmonary HPO, characterised by foci of myelocytic, erythrocytic and megakaryocytic cells, was infrequent (13.5%) in controls, and not discerned in the HS group (0/34).
Hematopoiesis in the bone marrow.
Results are summarised in Table 3 . At completion of the first half of the study, bone marrow evaluation was initiated, because association of HPO with HS was suspected. Therefore, we decided to take systematically a sample of bone marrow for central hematopoiesis analysis in the following mice.
Bone marrow was normocellular in the majority of examined animals, with no significant difference between HS and control group. However, hypocellularity occurred in 2 mice bearing HS (9.5%) and was never observed in control animals. Detailed comparative analysis of proportions in myelocytic, erythrocytic, and megakaryocytic cells allowed us to highlight a dysmyelopoiesis in HS group. This "dysmyelopoiesis" was characterised by a proportion in myelocytic cells that was significantly lower in HS mice compared with control mice ( p = 0.003). On the contrary, proportion in erythrocytic cells was significantly increased in HS mice compared with control mice ( p = 0.001). No significant difference in megakaryocytic cellularity was determined between the 2 groups ( p = 0.554).
DISCUSSION
HS is a spontaneous neoplasm which has been described with various incidence rates in mice (9, 10, 22) , rats (2, 16) , and dogs (1) . Despite the very few available publications, the incidence rate of HS in mice seems to vary greatly according to strain, age and sex of the animals examined (9, 22) . For example, it appears to be much more frequent in C57BL/6J strain than in BALB/c or C3H strains (9) . Indeed, reported incidence for mice older than 24-month-old is of 10.4% in C57BL/6J female and 22.2% in C57BL/6J male, compared to 0.6% in BALB/c female, 0.7% in BALB/c male and 0.8% in CBA female for the same age period (9) . Therefore, the incidence of 12.6% in our cohort of C57BL/6J female is in accordance with Frith's data (9, 10) . Blackwell et al (3) also described a higher rate of HS in males than in females. Surprisingly, calorie restriction was responsible for an increased incidence in females but not in males. Such a variation with sex, age and calorie restriction is suggestive of a protective role of natural estrogens. Interestingly, estrogen deficiency has been shown to upregulate myeloid cell differenciation into the monocyte-macrophage lineage in rats (7) . However, strain differences are suggestive of a genetic background as a prerequite. As BALB/c mice are considerably more sensitive to radiation-induced mammary cancer than C57BL/6J mice (19) , it seems that genomic instability is not a risk factor for developing HS. 308 LACROIX-TRIKI ET AL TOXICOLOGIC PATHOLOGY
We report herein a large series of 41 mice bearing HS, with detailed description of macroscopic and microscopic findings. Macroscopic features are similar to those described in literature (9, 22) , except for the pleural effusions which have not been previously reported. Of note, a milky ascites associated with liver enlargement is highly suggestive of HS. Some discrepancies with literature appear with microscopic examination, particularly in organ distribution. Indeed, neoplastic infiltration of the uterus is rare among our 41 mice, although most of the authors cite it as the most frequent localisation with the liver (9, 10, 16) . However, Turusov reported uterus involvement as strongly strain-dependant, and particularly seldom observed in C57BL/6J mice (22) . In addition, the frequency of spleen involvement in our study is not in accordance with the literature, which cite it as a rare localisation (9) . Concerning the microscopic characteristics of HS, our results are similar to those described in literature, except for the granulomatous pattern that was absent in our 41 animals. Erythrophagocytosis has been regularly described in HS (9, 10, 22) , and probably reflects an associated "activated macrophage syndrome."
Some authors reported a positive correlation between HS and proximal renal tubule hyaline droplets (11, 25) . These hyaline droplets, more frequent in rats than in mice, seem to be related to the extension of HS and correspond to lysozyme accumulation (11) . However, as Ward et al (23), we do not retrieve such an association with HS, though the disease is often widespread in our 41 mice. In addition, the signification of the frequency of renal hyaline droplets in our control group remains elusive, as such droplets are otherwise mentioned only in nephrotoxicity studies (15, 17, 24) .
To our knowledge, there are no data available on hematopoiesis in HS. Only splenic hematopoiesis, sometimes responsible for macroscopic splenic enlargement, has been reported in association with HS (9). Furthermore, hematopoietic splenic foci are very common findings in laboratory animals (14) , which explains the frequency of such foci in our control group. On the other hand, hepatic hematopoiesis associated with HS has never been described before. Hematopoiesis is physiologically observed in the liver of foetal and neonatal mouse (21) . Extramedullary hematopoiesis located to the liver has also been described in mice bearing Ehrlich carcinoma (8, 20) . As retrieved in our mice bearing HS, it is essentially characterised by dispersed erythroblastic islands (8, 21) .
Interestingly, Sasaki et al have demonstrated that scavenger macrophages are essential for the development of hepatic hematopoiesis, and in particular for the formation and dissolution of erythroblastic islands (21) . Based on immunohistochemical and ultrastructural studies, it is currently admitted that HS originates from a macrophage cell (25) (26) (27) . Subsequently, many authors have suggested the Kupffer's cell as a good candidate for the origin cell of HS (9, 10, 16, 26) . It is therefore reasonable to propose that the reappearance of a favourable macrophage microenvironment in the liver of HS-bearing mice is responsible for the development of hepatic hematopoiesis. This hypothesis of a local hematopoietic enhancement is also supported by our experience of seemingly HS "early forms," which were not included in this study, but were characterised by foci of hepatic hematopoiesis surrounded by atypical macrophages ( Figure 1A ). However, in this context, the origin of the central hematopoietic disorders concerning the myelocytic and erythrocytic cells (which are known to establish extensive associations with macrophage plasma membrane processes in the bone marrow) (5) still remains elusive. Further studies, including peripheral blood counts and bone marrow aspirations, are needed to explore the possibility of occult bone marrow infiltration by HS cells and/or secretion of colony-stimulating factors by tumoral cells.
In the present study, we provide macroscopic and microscopic description of 41 cases of spontaneous HS in C57BL/6J female mice, with special regard to associated hematopoietic disorders. By comparison with controls, we were able to show that extramedullary hematopoiesis, especially located to the liver, and medullary hematopoietic disorders were significantly associated with HS. Further studies are necessary to elucidate the mechanisms of such disorders and will probably help to specify definitely the cellular origin of HS. As the C57BL/6J strain is commonly used in life span and toxicological studies, the knowledge of this pathology is of particular importance. Sex hormones, as toxicological or carcinogenic factors influencing hematopoiesis may modify the incidence rate of this pathology.
